We exchanged specific amino acids in the basic region of the murine N-Myc protein and tested the mutant proteins for their DNA binding specificity. The amino acids we exchanged were chosen in analogy to residues of the homologous basic regions of bHLH and bZIP proteins. Mutant N-Myc peptides were expressed in Escherichia coli and specific DNA binding was monitored by gel shift experiments. For this we used palindromic target sequences with systematic base pair exchanges. Several mutants with altered DNA binding specificity were identified. Amino acid exchanges of residues -14 or -10 of the basic region lead to specificity changes (we define leucine 402 of N-Myc as +1; comparable to GCN4 see (1)). The palindromic NMyc recognition sequence 5'CACGTG is no longer recognized by the mutant proteins, but DNA fragments with symmetrical exchanges of the target sequence are. Exchanges at position -15 broaden the binding specificity. These data were used to build a computer based model of the putative interactions of the N-Myc basic DNA binding region with its target sequence.
INTRODUCTION
The N-Myc protein belongs to the family of Myc-oncoproteins (2, 3) which play a role in differentiation, organogenesis and cellcycling (4) (5) (6) . Expression of N-Myc protein is essential for the development of the CNS, lung, kidney and heart. Homozygous disruption of the N-myc-gene in the mouse leads to embryonic lethality (5, 6) .This indicates that the N-Myc protein cannot be functionally replaced by other members of the Myc-family.
Deregulated expression of the N-wyc-gene, mostly due to gene amplification or retroviral insertion (7) , has been observed in a restricted set of tumors of neuroendocrine-or embryonic origin (8, 9) . In transgenic mice, which carry the N-myc transgene under the control of immunoglobulin enhancer sequences the high level of N-Myc expression leads to the formation of lymphoid tumors (10, 11) .
The Myc-oncoproteins and other eucaryotic transcription factors like the upstream stimulatory factor Usf, the transcription factors TfeB and Tfe3 or the muscle determination factor MyoD, share a common DNA-binding and dimerization domain, the basic-helix-loop-helix (bHLH) motif (12) (13) (14) (15) . The basic region of this motif mediates DNA binding. The two helices, which are interrupted by a loop-structure are responsible for homo-or heterodimerization of the bHLH proteins (16) . A number of bHLH proteins, including the Myc proteins possess two or three leucine heptad repeats, also called leucine-zipper (LZ), immediately C-terminal to the second helix of the bHLH domain (14, 17) . The leucine zipper has firstly been identified in a class of transcription factors, the bZip-proteins (18) , where it drives homo-or heterodimerization.
All bHLH proteins recognize DNA sequences belonging to the hexameric E-box motif 5'CANNTG. The target sequence specifically recognized by the bHLH domain of the N-Myc (19, 20) , c-Myc (21) (22) (23) and L-Myc (20) protein has been determined to be 5'CACGTG. The full-length Myc-proteins cannot form active, DNA-binding homodimeric complexes (24, 26) , but bacterially expressed truncated Myc-proteins, which possess the complete bHLH-LZ-domain, bind easily to the hexameric target sequence 5'CACGTG (19, 21, 23) . The Myc-proteins form in vitro and in vivo heterodimeric complexes with another bHLH protein which has been named MAX (17) . Myc-MAX heterodimers as well as MAX homodimers bind to the same target sequence as the truncated, homodimeric Myc-proteins (17) .
Most of the so far known prokaryotic and eukaryotic DNA binding proteins use short a-helices, which cross the major groove to contact the DNA. Prominent examples are the recognition helices of the prokaryotic Helix-turn-helix motifs and the structurally related eukaryotic homeodomains, the basic regions of the bZip proteins and the short a-helices of the zincfinger proteins (26) . To get more information about the complex structure of the contacting a-helices and the recognized basepairs of the target-DNA, different experimental approaches are possible: X-ray or NMR-studies, biochemical studies or genetic analysis. The genetic approach requires the generation of lossof-function mutations within the DNA contacting a-helix of the protein. Some of these mutations can be complemented by basepair changes in the target sequence. The definition for a change of specificity is as follows: the mutated protein must bind to the variant target sequence better than the wildtype protein, and the wildtype protein should not bind the variant target * To whom correspondence should be addressed sequence or should at least bind it less well than the mutant protein. The restored binding activity of the mutated protein to the mutated target sequence identifies functional interactions between amino acids and the target sequence but cannot differentiate between direct contacts (contacts between bases and amino acids) and indirect contacts. Genetic analysis performed with Lac-repressor (27, 28) and GCN4 (1, 29) are examples, how these experiments can provide and add structural information to X-ray or NMR data (30) .
The basic regions of various bHLH proteins are highly similar, and there is also, albeit to a lesser degree, homology detectable between the basic regions of bZip-and bHLH-proteins ( Figure  1 ). This observation and mutation experiments performed with the yeast transcription factor CBF1 (31) and the human protein E47 (32) prompted us to introduce amino acid exchanges in 3 positions of the basic region of the N-Myc-bHLH domain. The DNA binding activity of mutated proteins with natural and altered target sequences were tested in vitro in electrophoretic mobility shift assays. We used the results to build a computer based model for the sequence specific interactions between the basic region of N-Myc and its target sequence. As we carried out the experiments, the X-ray data of the related MAX-bHLH domain bound to its target sequence were published (33) . Our genetic data and our computer model are in agreement with and confirm these data with respect to the DNA-binding of the bHLH-domain.
MATERIAL AND METHODS

Chemicals and enzymes
Restriction enzymes were purchased from New England Biolabs (Bad Schwalbach, Germany) and Boehringer (Mannheim, Germany), vent-polymerase from New England Biolabs (Bad Schwalbach, Germany) and T 7 .polymerase kit from Pharmacia (Freiburg, Germany). The enzymes were used according to the suppliers instructions. ( 32 P)-deoxyribonucleotides were obtained from Amersham Buchler (Braunschweig, Germany), the chemicals for automated DNA synthesis from Applied Biosystems (Pfungstadt, Germany), all other chemicals from Sigma (Munchen, Germany) or Merck (Darmstadt, Germany).
Oligonucleotides were synthesised on an Applied Biosystems Synthesizer model 894 and purified on denaturing polyacrylamide gels.
Construction of mutant GST-N-Myc genes
We used a previously described N-myc gene fragment fused in frame to the 3'-terminus of the glutathione-s-transferase (GST) gene for the construction of mutant N-myc genes (19) . The cterminal four amino acids of Lac-repressor were added to the carboxy-terminus of the N-Myc peptide to increase the stability of the expressed fusion proteins in E.coli. To obtain a control mutant lacking DNA binding activity, we exchanged the codons of six amino acids in positions -10 to -15 of the basic region for alanine codons by PCR-mutagenesis (34) . In the same step we introduced upstream of the altered basic region an Aat U restriction site and downstream an Afl U restriction site. For this we used the following oligonucleotide primers : primer 1: 5'GCT.GCT.AAC.GAC.GAC.TTA.AGG.TCC.AGC.TTC-CTG.ACG.CTC.AGG.3' and primer 2: 5'GGC.CGC.CGC.-GGC.GAT.GTT.GTG.GTT.GCG.ACG.TCG.CTC.GC3'. We used the Aat II and Afl U restriction sites (underlined) for cloning double stranded oligonucleotides into the vector. The oligonucleotides were phosphorylated with polynucleotide kinase (NEB) prior to the PCR reaction using a standard protocol (35) . The PCR-reaction was performed on a Perkin Elmer Cetus Thermal DNA Cycler using vent-polymerase (NEB) under the following conditions: 10 ng GST-N-Myc-expression vector was incubated in vent-polymerase reaction buffer (NEB) supplemented with 20 pmoles of primer 1 and 2 each, 15 mM MgSO 4 and 20 mM dATP, dCTP, dGTP and dTTP. After 25 cycles, the PCR product was purified with the Quiaex-Kit (DIAGEN) and ligated. After cleaving the mutant expression vector (N-Myc AAAAAA) with Aat II and Afl II, pairs of synthetic, annealed oligonucleotides ( Figure 2) were ligated into the vector. The mutant plasmids were sequenced with a T 7 -polymerase sequencing kit (Pharmacia).
Protein synthesis and purification E.coli K12 strain BL21DE3 (36) was transformed with the various expression constructs and grown in NZCYM medium (35) . Purification of the GST-N-Myc wildtype and GST-N-Myc mutant fusion proteins was performed as described (37) . Purified proteins were dialysed against MTPBS (150 mM NaCl, 16 mM Na 2 HPO 4 , 4 mM NaH 2 PO 4 ; pH 7.3) and stored in MTPBS with 10% glycerol. Protein concentrations were determined by the Bradford method (38) . The purity of the preparations was estimated from coomassie blue stained SDS-PAGE (39) .
Gel retardation assay
For gel shifts we used 19 synthetic self complementary oligonucleotides. They were 23 bases long and were annealed to obtain double stranded DNA (27) . The DNA fragments differed symmetrically at positions 1, 2 or 3 of a halfsite (counted from the center of symmetry):
In 16 of the 19 fragments position 2 and 3 were symmetrically exchanged with all four nucleotide bases to obtain all possible combinations. In the remaining three variants only the inner base pairs were exchanged. The oligonucleotides were endlabeled using polynucleotide kinase (NEB) (35) . Binding reactions for retardation assays were performed with 2 ng of endlabeled oligonucleotides (10 000 cpm/ng), 40 ng protein and 20 ng poly (dl-dC) as non-specific competitor DNA, in 20 /tl binding buffer (10 mM Tris/HCl pH 7.6, 10% glycerol, 1 mM EDTA, 2 ng BSA, 33 mM KC1). The mixtures were incubated for 15 min at room temperature and then loaded onto 5% running polyacrylamide gels. Electrophoresis was performed in 0.5 xTBE for 1.5 hours at 5V/cm. Prior to loading, gels were prerun for 4 hours at 14V/cm. The gels were dried on Whatman 3MM paper and autoradiographed with Kodak XAR film at -70°C.
RESULTS
The choice of mutants: sequence comparison of N-Myc with various bZIP andbHLH proteins
In order to decide which positions in the basic region of N-Myc are candidates for specific target recognition we aligned the NMyc amino acid sequence with the sequences of the bZIP proteins GCN4, C/EBP and TAF1 (Figure 1 ), for which the amino acids involved in specific DNA recognition are already known (1,40). -BASIC RISIOH-
199KRKOSNRE QA R n 8 R LRKOAEAEELAiaVOSLTAENNTLKSEINKLMENSEKL After comparing the sequences, we decided to alter the amino acids at position -15, -14 and -10 (see Figure 1 ). We define leucine 402 of N-Myc as +1. The numbering corresponds to the numbering used for bZIP proteins (1). The importance of amino acid -10 for the recognition of the inner base pair of the palindromic target sequence 5'CANNTG of different bHLH-ZIP proteins had been reported (31, 32) . The sequence alignment suggested residues -15 and -14 as most promising candidates for additional specific interactions with the target DNA ( Figure  1 ). The other known bHLH proteins contain either Leu, Ala, He, Met, Asn, Arg, Ser or Val at position -15 ; Glu or Ala at position -14, and Arg, De, Leu, Met, Asn, Gin, Thr or Val at position -10 ( Figure 1 ). All of these amino acids were subsequently used for single exchanges. As a positive control we exchanged all three positions simultaneously and replaced the residues of N-Myc by the corresponding residues of AP-4. The Asn_ 15 Arg_ 12 Met_ 10 (NERRRMJ mutant should specifically recognize the target sequence of AP-4: 5'CAGCTG (41). We also exchanged Glu_ 14 for Lys, an amino acid which is not present at this position in any of the so far known bHLH proteins ( Figure 1 ).
The test system
The GST-fusion proteins were expressed in E.coli and purified by affinity chromatography on glutathione-agarose beads. SDS-PAGE allowed an estimation of the molecular weights of the fusion proteins. Although we observed partial degradation of the GST-N-Myc proteins, approximately half of the total protein in the preparation has an apparent molecular weight of 38 kD, which corresponds to the calculated size of the intact fusion protein. We first tested the assay system with the unaltered purified fusion protein (LERQRR) as positive control and the non-DNA binding protein (AAAAAA) as negative control. The unaltered wildtype protein showed the expected binding to the known NMyc target 5'CACGTG (19) and minor interactions with the targets 5'CTCGAG and 5'GACGTC ( Figure 3) . The negative control did not bind to any of the DNA targets ( Figure 3B) .
The binding activities of the different mutants were estimated from two independent experiments. On each retardation gel the wildtype target 5'CACGTG was shifted with wildtype N-Myc as a positive control. The relative amounts of shifted DNA fragments complexed with mutant proteins were always compared with the positive control on the same gel. The amounts of shifted DNA are classified as follows: '+ + +': retardation is as good or almost as good as the retardation of wildtype target 5'C-ACGTG by wildtype N-Myc protein; '+ + ': the retardation reaches 70-30% of the wildtype binding; ' + ': the retardation amounts to 30-5% of wildtype binding; '-': less then 5% binding i.e. no retardation detectable.
Substitutions of leucine in position -15
We decided to substitute leucine -15 for Ala, De, Met, Asn, Arg, Ser and Val after comparing the DNA binding domains of the bHLH-proteins (Figure 1) . None of these exchanges leads to a specificity change. Instead, broadening of specificity is observed. All the modified proteins recognize well the wildtype target 5'CACGTG, but they differ in their ability to bind to other DNA sequences. Especially the mutant with Arg at position -15 is capable to recognize several different targets. Some of the mutants are able to bind to the sequences 5'CTCGAG and 5'GACGTC better than wildtype protein (Figure 3) . Some targets which are not recognized by wildtype protein are retarded by mutant proteins: The mutants AERQRR, NERQRR and to a minor extent IERQRR, MERQRR, RERQRR, SERQRR and VERQRR bind to 5'CATATG ( Figure 3 Figure 6 ). The double mutant NERQRM is only able to bind the target 5'CATATG ( Figure 6 ). In our test system we cannot achieve a change of specificity from the N-Myc target 5'CACGTG to the AP4-target 5'CAGCTG by a single amino acid exchange (Arg at position -10 to Met). Even the double mutant NERQRM is not able to recognize the AP-4 target. Only the triple mutant NERRRM can bind this target. But even this protein does not exhibit a higher affinity for 5'CAGCTG than for the sequence 5'CATATG. The single amino acid substitution of Leu_ 15 by Asn_, 5 does not change the specificity at all as mentioned before ( Figure 6 ).
DISCUSSION
The test system
The use of purified GST fusion proteins for gel shift assays is a well established method to determine the binding properties of proteins (19, 42) . The wildtype N-Myc-fusion protein showed Alanine at position -14 leads to an altered specificity One of the known bHLH proteins, called sim (43) bears alanine residues at positions -15 and -14 ( Figure 2) . In analogy to sim we exchanged Glu at position -14 for Ala and observed a specificity change. The wildtype N-Myc target 5'CACGTG is no longer retarded, the preferred target is now 5'ATCGAT. Some other targets are weakly bound ( Figure 4A ). With the double mutant AARQRR we can spot a narrowing of specificity in comparison to LARQRR, but 5'ATCGAT is still bound by AARQRR as strong as by LARQRR. This change of specificity may be reconciled with the X-ray structure of the MAX-DNA complex where Glu_ 14 is shown to make specific contacts to cytosine 3 of the target. We suggest that an alanine in position -14 can be involved in hydrophobic interactions with thy mines 2 and 3' which replace adenine 2 and guanine 3' in the mutated target 5'ATCGAT. Although at first sight alanine seems to be too small to reach any base pair, it seems plausible that either the protein or the target DNA possess sufficient flexibility for the necessary spatial adjustment. Phasing studies have demonstrated DNA bending by bHLH proteins (44) and suggest that bending angles of up to 80° may be achieved. In a bended DNA-protein complex hydrophobic contacts between Ala_ 14 and the methyl groups of thymines 2 and 3' may occur. The LARQRR protein seems to be not only less restricted in its specificity man the AARQRR protein, but in some cases the respective complexes are more stable. This might reflect an increase of the hydrophobic interface of LARQRR in comparison to AARQRR. Depending upon the target sequence which is recognized, minor adaptations of the protein relative to the DNA surface might happen. This flexibility is only possible with alanine, not with glutamic acid in position -14. The wildtype glutamic acid is probably not only involved in the specific target recognition. Modelling suggests that it can also capture the side chain of Arg_ u in a fixed orientation. Comparable Asp-Arg interactions are known from other DNA-protein structures (45) . According to the X-ray data of the MAX-DNA complex (33) this interaction may be expected for the N-Myc complex too, since Arg_ u together with Glu_ 14 is extremely well conserved in bHLH proteins (Figure 1 ). With alanine in position -14 the Glu-Arg interaction is lost and the protein surface should concomitantly gain flexibility for a different DNA-recognition.
Amino acid exchanges at position -10 lead to a specificity change We investigated the binding properties of mutants with De, Leu, Met, Gin, Thr, Asn and Val at position -10 ( Figure 5 ). The amino acids De, Gin and Val abolish binding of the N-Myc mutants to any tested DNA. Upon introduction of Leu, Met, Asn or Thr in place of Arg_ 10 we only observed binding to the DNA target 5'CATATG, but the complex is less stable than the wildtype complex. These results imply mat amino acid residue -10 interacts with the central base pairs 1 and possibly 1' and thus are in agreement with the data from the X-ray structure concerning the role of amino acid -10 (33).
From previous attempts to determine residues that were involved in specific contacts, it was already known that a substitution of Arg_ 10 by Val abolishes the binding, but a double mutant in which Leu_i 5 was exchanged for Arg and Arg_ 10 for Val had been reported to possess altered specificity. This C-Myc mutant recognizes 5'CAGCTG instead of 5'CACGTG (32) .
Similar experiments performed with the basic region of the AP-4 protein also resulted in a specificity change (31) . The AP-4 protein recognizes the target 5'CAGCTG. When Met_ 10 is replaced by Arg the Myc target 5'CACGTG is recognized by the AP-4 protein. We performed the reciprocal experiment and introduced a Met instead of Arg in position -10 but the observed specificity was changed from 5'CACGTG to 5'CAJATG. We did not observe any binding to the target 5'CAGCTG ( Figure 6A ). Modelling indicates that the arginine in position -10 not only forms hydrogen bonds with guanine 1', but seems to interact beyond the axis of target symmetry with cytosine 1. We would like to discuss the change of specific recognition as a result of hydrophobic interactions between the amino acid in position -10 and the thy mine 1. Only in the case of methionine in position -10 thymine 1 on the other strand might contribute to the stabilization of the complex. Our results confirm that the amino acid in position -10 of the N-Myc protein is the major determinant for the specific recognition of the inner base pair of the target sequence.
A single amino acid exchange from Arg to Met at position -10 is not sufficient to change specificity from 5'CACGTG to 5'CAGCTG Because of the outcome of the LERQRM exchange we decided to construct and test the double mutant NERQRM and the triple mutant NERRRM., where residues -15, -12 and -10 of N-Myc are replaced by the corresponding residues of AP-4. Residues -14, -13 and -11 are identical in both proteins (Figure 2 ). Only the triple mutant is able to recognize the targets 5'CATATG and 5'CAGCTG ( Figure 6A ). The double mutant still binds to 5 'CATATG but does not recognize the AP -4 target 5'CAGCTG ( Figure 6A ). These results suggest that either Gln_ 12 of N-Myc or Arg_ 12 of AP-4 is involved in specific recognition, at least in an indirect manner. In agreement with the X-ray structure of MAX and our own results we propose changes in the topology of the protein-DNA complex caused by the different amino acid sequences of AP-4 and N-Myc. Due to the different amino acid composition of the basic regions both a-helices might recognize their targets in a slightly different manner. Such effects have been previously described for bZip proteins (46) .
Comparison of the bZIP and bHLH basic regions reveals a strong similarity
By comparing the amino acid sequence of the basic region of N-Myc with the bZIP proteins GCN4, C/EBP and TAF1, a certain sequence analogy becomes obvious (Figure 1 ), especially if one looks at the positions responsible for specific DNA contacts ( Figure 7) . The specific interactions of GCN4 have been described previously (1, 29, 40) . They are established by protein residues -18, -15, -14, -11 and -10. In the MAX-DNA cocrystal, specific interactions are described for residues -18, -14 and -10 (33). If one compares the interactions of the amino acid side chains of GCN4 and N-Myc similar contacts can be seen. In both cases Arg_] 0 contacts guanine of the inner basepair. Furthermore we propose for the N-Myc mutant LARQRR hydrophobic contacts to the base pairs 2 and 3 of the target ATCGAT. This contact is similar to the interaction of the amino acid Ala_ 14 of GCN4 to thymine 2 of the symmetrisized GCN4 target. Finally the amino acid at position -18 of both GCN4 and N-Myc contacts base pair 3 of their specific target. The other interactions of GCN4 to its target sequence have no analogy in N-Myc, which may be due to the fact that GCN4 has to interact to a 8 base pair recognition sequence in contrast to N-Myc which binds to a 6 base pair target sequence.
